Investigation And Development Of Forensic Mean-Based Adaptive Background Correction Algorithm (Mabca) For Visual Enhancement Of Bloodstains, Seminal Stains And Fingerprints by Lee, Wee Chuen
  
INVESTIGATION AND DEVELOPMENT OF 
FORENSIC MEAN-BASED ADAPTIVE 
BACKGROUND CORRECTION ALGORITHM 
(mABCA) FOR VISUAL ENHANCEMENT OF 
BLOODSTAINS, SEMINAL STAINS AND 
FINGERPRINTS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
LEE WEE CHUEN 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
UNIVERSITI SAINS MALAYSIA 
 
2017 
  
INVESTIGATION AND DEVELOPMENT OF FORENSIC MEAN-BASED 
ADAPTIVE BACKGROUND CORRECTION ALGORITHM (mABCA) FOR 
VISUAL ENHANCEMENT OF BLOODSTAINS, SEMINAL STAINS AND 
FINGERPRINTS  
 
 
 
 
by 
 
 
 
 
LEE WEE CHUEN 
 
 
 
 
 
Thesis submitted in fulfilment of the  
requirements for the degree  
of Doctor of Philosophy 
 
 
 
 
 
 
 
 
July 2017   
ii 
 
ACKNOWLEDGEMENTS 
 First and foremost, I would like to express my sincere gratitude to my supervisor, 
Associate Professor Dr. Khoo Be Ee, and co-supervisor, Dr. Ahmad Fahmi Lim bin Abdullah. 
Without their patience, motivation and continuous support on my PhD research study, this 
thesis would not be possibly completed. Their constructive ideas and guidance gave me plenty 
of inspirations in finding solutions for all the problems I faced during my PhD research study. 
I would also like to thank Dr. Chang Kah Haw from School of Health Science, Universiti Sains 
Malaysia (USM), for his kindness and supports in my visit to USM Health Campus.  
Special thanks to all of my friends in USM, Tiang Tow Leong, Nick Wong, Adrian 
Tan, Che Da Pao, Eng Swee Kheng, Chang Boon Peng, Cheah Wee Keat, Lee Wei Xiang, Tan 
Tee Hiang, Low Wei Zeng, Tan Earn Tzeh, Tang Jing Rui, Teo Hui Ting, Khoo Yeong Chin, 
Lim Wei Hong, Chan Keam Seng, Tan Khang Siang, Lim Sheng Hong, Ting Shyue Siong, 
Kenny Toh, Ooi Chen Hee, Ong Tatt Hee and Anthony. I am gratefully indebted to them for 
their kindness, companionship and intellectual contributions during my years of study in USM.  
In addition, I would also like to thank all the technicians and staff of School of 
Electrical and Electronic Engineering, USM, for giving me the access to the school laboratory 
and research facilities. Special thanks to Hospital Universiti Sains Malaysia for providing the 
blood and seminal sample and also to the forensic officers in Malaysia Royal Police for their 
guidance and advice in carrying out the experiments. I would also like to acknowledge 
Universiti Sains Malaysia for the funding of my study through Postgraduate Fellowship 
Scheme and RU grant [1001/PELECT/814105 and 1001/PELECT/814204], as well as 
Ministry of Higher Education, Malaysia, through PRGS grant [203/PELECT/6740017]. 
Last but not least, I must express my very profound gratitude to my family, my beloved 
spouse, Ng Lee Teng, and her family, for their patience in providing me unfailing supports 
and continuous encouragements throughout my years of study in the process of researching 
and writing this thesis. This accomplishment would not be possible without them. Thank you. 
iii 
 
TABLE OF CONTENTS 
Page 
ACKNOWLEDGEMENTS ii 
TABLE OF CONTENTS iii 
LIST OF TABLES ix 
LIST OF FIGURES xi 
LIST OF ABBREVIATIONS xx 
LIST OF SYMBOLS xxiv 
ABSTRAK xxxi 
ABSTRACT xxxiii 
 
CHAPTER ONE - INTRODUCTION  
 Research Background 1 
 Background Correction Algorithm for Forensic Applications 2 
 Problem Statements 4 
 Research Objectives 5 
 Research Scope 6 
 Thesis Outline 7 
 
CHAPTER TWO - LITERATURE REVIEW  
2.1 Introduction 10 
2.2 Review of Targeted Forensic Evidences 11 
2.2.1 Seminal Stains 11 
2.2.1(a) Characteristics 11 
2.2.1(b) Detection Methods 12 
2.2.2 Bloodstains 15 
2.2.2(a) Characteristics 15 
2.2.2(b) Detection Methods 16 
2.2.3 Latent Fingerprints 18 
2.2.3(a) Characteristics 18 
iv 
 
2.2.3(b) Detection Methods 18 
2.2.4 Summary of Method for Detecting Targeted Evidences 22 
2.3 Imaging in Forensic Applications 24 
2.3.1 Importance and Usage of Imaging in Forensic Applications 24 
2.3.2 Spectral Imaging 25 
2.3.2(a) Hyperspectral Imaging 26 
2.3.2(b) Background Correction Algorithms 28 
2.3.3 Summary of the spectral imaging in detecting forensic evidences 31 
2.4 Potential Image Processing Algorithms for Improving Robustness of BCA 33 
2.4.1 Brightness Adjustment Approaches (Normalisation) 33 
2.4.2 Colour Spaces for Image Enhancement 37 
2.4.2(a) HSV/HSI/LHS 38 
2.4.2(b) YIQ/YCbCr/YUV 39 
2.4.2(c) CIE Colour Spaces 41 
2.4.2(d) Fast Colour Image Enhancement Techniques 41 
2.5 Quantitative Methods for Evaluation of the Quality of Documented Evidences 44 
2.5.1 Contrast Evaluation Metrics 44 
2.5.1(a) Grayscale Image 45 
2.5.1(b) Colour Image 47 
2.5.2 Metrics for Quality Evaluation of Fingerprints 52 
2.5.3 Metrics for Quality Evaluation of Shoeprints 56 
2.6 Gap Analysis 57 
2.7 Summary 57 
 
CHAPTER THREE - METHODOLOGY  
3.1 Introduction 60 
3.2 Proposed Improvement on BCA 60 
3.2.1 Improved BCA for Images of Different Brightness 62 
3.2.1(a) Effect of BCA on Images of Different Brightness for Bloodstains 62 
3.2.1(b) Mean-based Contrast Enhancement 63 
3.2.1(c) Mean-based Adaptive Background Correction Algorithm 66 
v 
 
3.2.2 Methodology for Selecting Potential Input Images in mABCA 67 
3.2.2(a) Fluorescence Spectroscopy on Seminal Stains 68 
3.2.2(b) Photography analysis 69 
3.2.3 mABCA on Grayscale Images 70 
3.2.4 mABCA on Colour Images 70 
3.2.5 Proposed Approach using Colour Filters for mABCA 72 
3.2.6 Flowchart of the Proposed mABCA 72 
3.3 Sample Preparation Procedures and Apparatus 74 
3.3.1 Seminal Stains 75 
3.3.2 Bloodstains 76 
3.3.2(a) Bloody Fingerprints 76 
3.3.2(b) Bloody Shoeprints 76 
3.3.3 Latent Fingerprints 77 
3.3.3(a) Ninhydrin 77 
3.3.3(b) DFO 78 
3.3.4 Equipments 78 
3.3.4(a) Camera 78 
3.3.4(b) Light Sources 79 
3.3.5 Image Processing Tools 80 
3.4 mABCA Performance Evaluation 81 
3.4.1 Parameters Optimisation for mABCA 82 
3.4.2 Evaluation Approaches for mABCA on Grayscale Images 82 
3.4.3 Evaluation Approaches for mABCA on Colour Images 85 
3.4.4 Summary and Overall Procedure of mABCA Performance Evaluation 86 
3.5 Summary 87 
 
CHAPTER FOUR - RESULTS AND DISCUSSIONS  
4.1 Introduction 90 
4.2 Preliminary Investigation of Targeted Evidences 91 
4.2.1 Seminal Stains 91 
4.2.1(a) Fluorescence Spectroscopy 91 
vi 
 
4.2.1(b) Photography Analysis 94 
4.2.1(c) Proposed Input Combinations for mABCA on Seminal Stains 102 
4.2.2 Bloody Fingerprints and Shoeprints 102 
4.2.2(a) Photography Analysis 103 
4.2.2(b) Proposed Input Combinations for mABCA on Bloody Fingerprints 
and Shoeprints 104 
4.2.3 Ninhydrin Treated Latent Fingerprints 104 
4.2.3(a) Photography Analysis 105 
4.2.3(b) Proposed Input Combinations for mABCA 107 
4.2.4 DFO Treated Latent Fingerprints 108 
4.2.4(a) Photography Analysis 108 
4.2.4(b) Proposed Input Combinations for mABCA 113 
4.3 mABCA Implementation on Absorption Mode 114 
4.3.1 Comparison of BCA and mABCA 114 
4.3.1(a) 2-wavelength BCA and mABCA 115 
4.3.1(b) 3-wavelength BCA and mABCA 117 
4.3.2 Investigation and Improvement on mABCA 118 
4.3.2(a) mABCA with Overexposed or Undersaturated Pixels 118 
4.3.2(b) Optimum Exposure of Canon EOS 60D DSLR Camera for 
mABCA 119 
4.3.2(c) Alternative Solutions for mABCA on Images with Saturated Pixels 120 
4.3.3 Parameters Optimisation 122 
4.3.4 mABCA Implementation in Absorption Mode for Other Forensic Evidences 129 
4.3.4(a) Bloody Fingerprints 130 
4.3.4(b) Bloody Shoeprints 139 
4.3.4(c) Ninhydrin Treated Latent Fingerprints 146 
4.3.4(d) Discussion 162 
4.3.5 Preservation of Colour for mABCA in Absorption Mode 163 
4.4 mABCA Implementation in Fluorescence Mode 164 
4.4.1 Enhancement of Seminal Stains using mABCA in Grayscale 165 
vii 
 
4.4.1(a) Parameter Optimisation for Fluoresecence Mode mABCA in 
Grayscale 166 
4.4.1(b) Effects of mABCA through Different Grayscale Conversion 
Approaches 172 
4.4.1(c) Effects of mABCA for Seminal Stains on Different Surfaces with 
Varying Illuminations and Filters Combinations 181 
4.4.1(d) Discussion 191 
4.4.2 Enhancement of Seminal Stains using mABCA in Colour 191 
4.4.2(a) Importance of Colour Appearances of Seminal Stains 192 
4.4.2(b) Evaluation of Fast Colour Image Enhancement Techniques 193 
4.4.2(c) Processing Speed of mABCA through Different Colour Spaces 195 
4.4.2(d) Chromaticity Preservation of mABCA through Different Colour 
Spaces 197 
4.4.2(e) Comparison of mABCA through Different Colour Spaces 199 
4.4.2(f) Discussion 205 
4.4.3 Enhancement of DFO Treated Latent Fingerprints using mABCA 205 
4.4.3(a) mABCA Implementation in Grayscale 206 
4.4.3(b) mABCA Implementation in Colour 231 
4.4.3(c) Discussion 234 
4.5 Effects of mABCA using Different Setup 235 
4.5.1 Light Source 235 
4.5.2 Camera 241 
4.5.3 Discussion 245 
4.6 mABCA Imaging System 245 
4.7 Summary 247 
 
CHAPTER FIVE - CONCLUSION AND FUTURE WORK  
5.1 Conclusion 251 
5.2 Contribution 253 
5.3 Future Work 254 
 
REFERENCES 255 
viii 
 
APPENDICES 
Appendix A - Filter Spectra 
Appendix B - Colour Spaces Conversions 
Appendix C - Light Source and Camera Specifications & Spectrum 
 
LIST OF PUBLICATIONS  
ix 
 
LIST OF TABLES 
  Page 
Table 2.1 Characteristics of targeted evidences 22 
   
Table 2.2 Detection methods of targeted evidences 22 
   
Table 2.3 Usage of spectral imaging in forensic applications 32 
   
Table 3.1 Surfaces tested for seminal stains in this study 75 
   
Table 3.2 Performance evaluation approaches for each targeted evidence 83 
   
Table 4.1 Effective ranges of exposure brackets for mABCA on bloodstains 120 
   
Table 4.2 Quantitative evaluation of mABCA in grayscale with different 
parameters 
128 
   
Table 4.3 Quantitative evaluation using SIVV on the maximum observable 
bloody fingerprints’ depletion on different surfaces (before and after 2-
wavelength mABCA) 
138 
   
Table 4.4 Quantitative evaluation on the maximum observable bloody shoeprints’ 
depletion on different surfaces (before and after 2-wavelength mABCA) 
146 
   
Table 4.5 Abbreviation of each mABCA combinations for ninhydrin treated latent 
fingerprints 
147 
   
Table 4.6 Maximum observable depletion and SIVV of ninhydrin treated latent 
fingerprints on different surfaces 
161 
   
Table 4.7 Quantitative evaluation of mABCA in grayscale using different 
parameters on seminal stains to background contrast 
171 
   
Table 4.8 Quantitative results (Michelson formula) of different grayscale 
conversion approaches for mABCA in fluorescence mode 
180 
   
Table 4.9 Quantitative results (Dcombine) of different grayscale conversion 
approaches for mABCA in fluorescence mode 
181 
   
Table 4.10 Maximum detectable dilution of three donors’ seminal stains after 
mABCA 
182 
   
Table 4.11 RMSE between fast and normal (reference image for RMSE) 
approaches for mABCA output images 
195 
   
Table 4.12 Processing speed of mABCA through different colour space 
conversions 
196 
   
Table 4.13 𝐶𝑂𝐿𝑑𝑖𝑠𝑡  of seminal stains to background of mABCA output images 
through different colour spaces using yellow filter 
203 
   
x 
 
Table 4.14 𝐶𝑂𝐿𝑑𝑖𝑠𝑡  of seminal stains to background of mABCA output images 
through different colour spaces using orange filter  
204 
   
Table 4.15 Abbreviation of each mABCA combination for DFO treated latent 
fingerprints 
207 
   
Table 4.16 Maximum observable depletion and SIVV of DFO treated latent 
fingerprints on different surfaces using 505 nm excitation 
229 
   
Table 4.17 Maximum observable depletion and SIVV of DFO treated latent 
fingerprints on different surfaces using 530 nm excitation 
230 
    
Table 4.18 Comparison of LED-based light source and Sirchie FAL300 FLS effects 
on mABCA for each prepared evidence samples 
236 
   
Table 4.19 Comparison of different cameras effects on mABCA for each prepared 
evidence samples 
241 
 
 
  
xi 
 
LIST OF FIGURES 
  Page 
Figure 2.1 Fluorescence spectrum of untreated seminal stains 12 
   
Figure 2.2 Recommended procedure for detecting untreated seminal stains 13 
   
Figure 2.3 Absorption spectrum of untreated dried bloodstain 16 
   
Figure 2.4 Illustration of BCA effect for bloodstains on brown carpet. Left: 415 
nm image; Right: BCA on 415 and 458 nm images 
17 
   
Figure 2.5 Absorption spectrum of ninhydrin treated fingerprints 20 
   
Figure 2.6 Absorption spectrum of DFO treated fingerprints 21 
   
Figure 2.7 Fluorescence spectrum of DFO treated fingerprints: blue – excitation 
spectrum with 590 nm emission wavelength; pink (arrow) – emission 
spectrum with 540 nm excitation wavelength 
21 
   
Figure 2.8 Illustration of spectral images, with x, y (spatial) and λ (spectral) 
dimensions 
25 
   
Figure 2.9 Hyperspectral Imaging Examiner 1000  27 
   
Figure 2.10 Optical spectral of chemically treated fingerprints. (solid) absorption 
of zinc-treated ninhydrin; (dash) absorption of ninhydrin; (dotted) 
emission of Eu(tta)3phen with 400 nm excitation 
30 
   
Figure 2.11 BCA on chemically treated latent fingerprints 30 
   
Figure 2.12 Enhancement on low contrast image 35 
   
Figure 2.13 Illustration of HSV (Left) and HSI/LHS (Right) 39 
   
Figure 2.14 Illustration of grayscale conversion 40 
   
Figure 2.15 Comparison of contrast of similar and different colours 50 
   
Figure 2.16 Thresholded ground distance, 𝐷𝑖,𝑗, between each basic colour groups  52 
   
Figure 2.17 Overall SIVV process 53 
   
Figure 2.18 Mesh plot of a 100 × 100 Blackman window using Matlab®R2013a 54 
   
Figure 2.19 Illustration of SIVV peak 55 
   
Figure 2.20 Measurement of quality of fingerprint using SIVV peaks 56 
   
Figure 3.1 Methodology flowchart of the proposed improvement on BCA  61 
   
xii 
 
Figure 3.2 2-wavelength BCA using blue channel of bloodstains on different 
surfaces’ 16-bit images captured with automatic exposure setting, 
aperture f/2.8, ISO 100 and similar exposure bracket for 415 and 458 
nm 
63 
   
Figure 3.3  Before and after brightness adjustment enhancement using mCA for 
different brightness blue channel images of bloodstains on white cotton 
stockings under 415 nm illumination, where images were captured 
with automatic exposure setting, aperture f/2.8, ISO 100 
65 
   
Figure 3.4 PerkinElmer LS55 Spectrofluorometer  68 
   
Figure 3.5 Powder holder accessory for solid samples  68 
   
Figure 3.6 Procedure flowchart of mABCA in grayscale 73 
   
Figure 3.7 Procedure flowchart of mABCA in grayscale 74 
   
Figure 3.8 Sirchie FAL300 FLS  79 
   
Figure 3.9 Custom-made multi-wavelength light source (LED) 80 
   
Figure 3.10 Methodology flowchart of the evaluating the performance of mABCA 
on each targeted evidence in grayscale  
84 
   
Figure 4.1 Emission spectra of seminal sample (1st donor) at different excitation 
wavelengths 
91 
   
Figure 4.2 Emission spectra of seminal sample (2nd donor) at different excitation 
wavelengths 
92 
   
Figure 4.3 Emission spectra of seminal sample (3rd donor) at different excitation 
wavelengths 
92 
   
Figure 4.4 Seminal stains appearance under white light (left) and suitable 
illumination with filters (right) on different surfaces 
94 
   
Figure 4.5 Seminal stains on white bamboo fabric towel with different 
illuminations and filters 
95 
   
Figure 4.6 Seminal stains on light red cotton towel with different illuminations 
and filters 
96 
   
Figure 4.7 Seminal stains on light green cotton towel with different illuminations 
and filters 
97 
   
Figure 4.8 Seminal stains on white HDPE cutting board with different 
illuminations and filters 
98 
   
Figure 4.9 Seminal on white satin apron with different illuminations and filters 99 
   
Figure 4.10 Seminal on blue denim cloth with different illuminations and filters 100 
   
Figure 4.11 Bloody fingerprints on different surfaces 103 
   
xiii 
 
Figure 4.12 Bloody shoeprints on different surfaces 104 
   
Figure 4.13 Ninhydrin treated fingerprints on different surfaces with various 
bandpass filters under white light from Sirchie FAL300 
106 
   
Figure 4.14  Ninhydrin treated fingerprints on different surfaces under 458 nm 
illumination with various colour filters 
107 
   
Figure 4.15 DFO treated fingerprints on white paper photographed with various 
filters 
109 
   
Figure 4.16 DFO treated fingerprints on newspaper photographed with various 
filters 
110 
   
Figure 4.17 DFO treated fingerprints on brown envelope photographed with 
various filters 
111 
   
Figure 4.18 DFO treated fingerprints on yellow paper photographed with various 
filters 
112 
   
Figure 4.19 2-wavelength BCA and mABCA for blue channel images of 
bloodstains on two colour cotton stockings (automatic exposure, 
aperture f/2.8, ISO 100) 
115 
   
Figure 4.20 2-wavelength BCA and mABCA for blue channel images of 
bloodstains on different surfaces (automatic exposure, aperture f/2.8, 
ISO 100) 
116 
   
Figure 4.21 2-wavelength mABCA and 3-wavelength BCA and mABCA using 
blue channel images of bloodstains on white paper captured using 
automatic exposure setting, aperture f/2.8, ISO 100 
117 
   
Figure 4.22 2-wavelength mABCA using blue channel images of bloodstains on 
black painted cardboard captured with automatic exposure setting, 
aperture f/2.8, ISO 100 
118 
   
Figure 4.23 Alternative mABCA using blue channel images of bloodstains on 
black painted cardboard captured with automatic exposure setting, 
aperture f/2.8, ISO 100 
121 
   
Figure 4.24 Varying parameters for absorption mABCA (black cotton stocking) 122 
   
Figure 4.25 Varying parameters for absorption mABCA (brown cardboard) 123 
   
Figure 4.26 Varying parameters for absorption mABCA (black painted cardboard) 123 
   
Figure 4.27 Varying parameters for absorption mABCA (red and white towel 1) 124 
   
Figure 4.28 Varying parameters for absorption mABCA (red and white towel 2) 124 
   
Figure 4.29 Varying parameters for absorption mABCA (white paper) 125 
   
Figure 4.30 Varying parameters for absorption mABCA (white cotton stocking) 125 
   
Figure 4.31 mABCA output for different surfaces with 𝑎 = 225 and 𝑏 = −50 126 
xiv 
 
Figure 4.32  Desirable parameters for mABCA in absorption mode from the 
mentioned selection criteria (bright area) 
127 
   
Figure 4.33 mABCA output for different surfaces with 𝑎 = 275 and 𝑏 = −200 129 
   
Figure 4.34 Effects of mABCA on bloody fingerprints on printed white paper 130 
   
Figure 4.35 Effects of mABCA on bloody fingerprints on brown cardboard 131 
   
Figure 4.36  Effects of mABCA on bloody fingerprints on newspaper 132 
   
Figure 4.37 Effects of mABCA on bloody fingerprints on black painted cardboard 133 
   
Figure 4.38 Effects of mABCA on bloody fingerprints on wood 134 
   
Figure 4.39 Effects of mABCA on bloody fingerprints on red white painted 
cardboard 
135 
   
Figure 4.40 Effects of mABCA on bloody fingerprints on brown mug 136 
   
Figure 4.41 Effects of mABCA on bloody shoeprints on black carpet 139 
   
Figure 4.42 Effects of mABCA on bloody shoeprints on red carpet 140 
   
Figure 4.43 Effects of mABCA on bloody shoeprints on wood 141 
   
Figure 4.44 Effects of mABCA on bloody shoeprints on stainless steel 142 
   
Figure 4.45 Effects of mABCA on bloody shoeprints on PVC Yoga mat 143 
   
Figure 4.46 Effects of mABCA on bloody shoeprints on brown PVC carpet 144 
   
Figure 4.47 Effect of different approaches for mABCA-ninhydrin1 (415 and 458 
nm) on ninhydrin treated latent fingerprints 
148 
   
Figure 4.48 Effect of different approaches for mABCA-ninhydrin2 (470 and 500 
nm) on ninhydrin treated latent fingerprints 
149 
   
Figure 4.49 Effect of different approaches for mABCA-ninhydrin3 (580 and 630 
nm) on ninhydrin treated latent fingerprints 
150 
   
Figure 4.50 Effect of different approaches for mABCA-ninhydrin4 (with and 
without orange filter under 458 nm) on ninhydrin treated latent 
fingerprints 
151 
   
Figure 4.51 Effect of different approaches for mABCA-ninhydrin5 (with and 
without red filter under 458 nm) on ninhydrin treated latent fingerprints 
152 
   
Figure 4.52 Effect of different approaches for mABCA-ninhydrin6 (orange and red 
filter under 458 nm) on ninhydrin treated latent fingerprints 
153 
   
Figure 4.53 Effect of different combinations for mABCA on ninhydrin treated 
latent fingerprints on black manila 
154 
   
xv 
 
Figure 4.54 Effect of different combinations for mABCA on ninhydrin treated 
latent fingerprints on brown envelope 
155 
   
Figure 4.55 Effect of different combinations for mABCA on ninhydrin treated 
latent fingerprints on newspaper 
156 
   
Figure 4.56 Effect of different combinations for mABCA on ninhydrin treated 
latent fingerprints on white paper 
157 
   
Figure 4.57 Effect of different combinations for mABCA on ninhydrin treated 
latent fingerprints on yellow manila 
158 
   
Figure 4.58 Effect of different combinations for mABCA on ninhydrin treated 
latent fingerprints on yellow paper 
159 
   
Figure 4.59 mABCA with colour preservation approaches in absorption mode for 
bloody shoeprint on blue Yoga mat 
163 
   
Figure 4.60 mABCA with colour preservation approaches in absorption mode for 
ninhydrin treated latent fingerprints 
164 
   
Figure 4.61 Varying parameters for fluorescence mABCA (white bamboo fabric) 167 
   
Figure 4.62 Varying parameters for fluorescence mABCA (light red cotton) 167 
   
Figure 4.63 Varying parameters for fluorescence mABCA (light green cotton) 168 
   
Figure 4.64 Varying parameters for fluorescence mABCA (white HDPE) 168 
   
Figure 4.65 Varying parameters for fluorescence mABCA (white satin) 169 
   
Figure 4.66 Varying parameters for fluorescence mABCA (blue denim cloth) 169 
   
Figure 4.67 Parameters that produced desirable fluorescence mABCA’s outputs 
(bright area) 
170 
   
Figure 4.68 No mABCA (505 nm with orange filter) (left) and mABCA processed 
images (right) with 𝑎 = 400 and 𝑏 = 25 in fluorescence mode 
172 
   
Figure 4.69 mABCA with different grayscale conversion approaches for seminal 
stains on white bamboo fabric towel 
173 
   
Figure 4.70 mABCA with different grayscale conversion approaches for seminal 
stains on light red cotton towel 
174 
   
Figure 4.71 mABCA with different grayscale conversion approaches for seminal 
stains on light green cotton cloth 
175 
   
Figure 4.72 mABCA with different grayscale conversion approaches for seminal 
stains on light blue cotton towel 
176 
   
Figure 4.73 mABCA with different grayscale conversion approaches for seminal 
stains on HDPE cutting board 
177 
   
xvi 
 
Figure 4.74 mABCA with different grayscale conversion approaches for seminal 
stains on blue denim cloth 
178 
   
Figure 4.75 Images of uneven illumination of 450 nm light white bamboo fabric 
towel without filter (middle darker and side brighter) 
179 
   
Figure 4.76 Seminal stains on inner side (left) and outer side (right) of blue denim 
cloth 
184 
   
Figure 4.77 Seminal stains on different surfaces, different illumination and filters 185 
   
Figure 4.78 Seminal stains on brown wood 186 
   
Figure 4.79 Seminal stains on blue denim cloth with 470 nm illumination and 
mABCA on orange and no filter pair combination 
187 
   
Figure 4.80 False positive of mABCA 188 
   
Figure 4.81 Seminal stain on wood surfaces with different illumination angle (470 
nm illumination with orange filter) 
188 
   
Figure 4.82 Seminal stain on light blue cotton surfaces with different illuminations 189 
   
Figure 4.83 Seminal stain on light green (first and second rows) and yellowish-
green cotton (third and fourth rows) surfaces with different 
illuminations 
190 
   
Figure 4.84 Seminal stain on white bamboo fabric surfaces with different 
illuminations 
192 
   
Figure 4.85 Effect of preservation of original image colour 193 
   
Figure 4.86 mABCA through different colour spaces using normal and fast 
approaches for seminal stains on five different surfaces 
194 
   
Figure 4.87 Preservation of original image colour information under different 
brightness images for mABCA through different colour spaces 
198 
   
Figure 4.88 mABCA on seminal stains through different colour spaces with 
different surfaces, excitation and filter (bracketed) – 1 
200 
   
Figure 4.89 mABCA on seminal stains through different colour spaces with 
different surfaces, excitation and filter (bracketed) – 2 
201 
   
Figure 4.90 False positive in mABCA output images of seminal stains in grayscale 
with the same setup as in Figure 4.88 and Figure 4.89 
202 
   
Figure 4.91 Images of DFO treated latent fingerprints captured under different 
illuminations and filters 
206 
   
Figure 4.92 mABCA on DFO treated latent fingerprints through different grayscale 
conversion for mABCA-DFO1 (505 nm excitation with 580 and 550 
nm filters) 
208 
   
xvii 
 
Figure 4.93 mABCA on DFO treated latent fingerprints through different grayscale 
conversion for mABCA-DFO2 (505 nm excitation with 580 and 630 
nm filters) 
209 
   
Figure 4.94 mABCA on DFO treated latent fingerprints through different grayscale 
conversion for mABCA-DFO3 (505 nm excitation with 580, 550 and 
630 nm filters) 
210 
   
Figure 4.95 mABCA on DFO treated latent fingerprints through different grayscale 
conversion for mABCA-DFO4 (505 nm excitation with and without 
orange filter) 
212 
   
Figure 4.96 mABCA on DFO treated latent fingerprints through different grayscale 
conversion for mABCA-DFO5 (505 nm excitation with and without 
red filter) 
213 
   
Figure 4.97 mABCA on DFO treated latent fingerprints through different grayscale 
conversion for mABCA-DFO6 (530 nm excitation with 600 and 570 
nm filters) 
214 
   
Figure 4.98 mABCA on DFO treated latent fingerprints through different grayscale 
conversion for mABCA-DFO7 (530 nm excitation with 600 and 660 
nm filters) 
215 
   
Figure 4.99 mABCA on DFO treated latent fingerprints through different grayscale 
conversion for mABCA-DFO8 (530 nm excitation with 600, 570 and 
660 nm filters) 
216 
   
Figure 4.100 mABCA on DFO treated latent fingerprints through different grayscale 
conversion for mABCA-DFO9 (530 nm excitation with and without 
red filter) 
217 
   
Figure 4.101 mABCA on black manila surface with DFO treated latent fingerprints 
using different mABCA combinations with 505 nm excitation 
illumination 
219 
   
Figure 4.102 mABCA on black manila surface with DFO treated latent fingerprints 
using different mABCA combinations with 530 nm excitation 
illumination 
220 
   
Figure 4.103 mABCA on brown envelope surface with DFO treated latent 
fingerprints using different mABCA combinations with 505 nm 
excitation illumination 
221 
   
Figure 4.104 mABCA on brown envelope surface with DFO treated latent 
fingerprints using different mABCA combinations with 530 nm 
excitation illumination 
222 
   
Figure 4.105 mABCA on newspaper surface with DFO treated latent fingerprints 
using different mABCA combinations with 505 nm excitation 
illumination 
223 
   
Figure 4.106 mABCA on newspaper surface with DFO treated latent fingerprints 
using different mABCA combinations with 530 nm excitation 
illumination 
224 
xviii 
 
Figure 4.107 mABCA on white paper surface with DFO treated latent fingerprints 
using different mABCA combinations with 505 nm excitation 
illumination 
225 
   
Figure 4.108 mABCA on white paper surface with DFO treated latent fingerprints 
using different mABCA combinations with 530 nm excitation 
illumination 
226 
   
Figure 4.109 mABCA on yellow manila surface with DFO treated latent fingerprints 
using different mABCA combinations with 530 nm excitation 
illumination 
227 
   
Figure 4.110 mABCA on yellow paper surface with DFO treated latent fingerprints 
using different mABCA combinations with 530 nm excitation 
illumination 
228 
   
Figure 4.111 mABCA through LHS colour space on DFO treated latent fingerprints 
using combination of with and without orange filter under 505 nm 
illumination 
232 
   
Figure 4.112 LED and Sirchie FAL300 FLS illuminations on seminal stains on inner 
blue denim cloth and the mABCA outputs 
237 
   
Figure 4.113 LED and Sirchie FAL300 FLS illuminations on seminal stains on 
PEVA and the mABCA outputs 
236 
   
Figure 4.114 LED and Sirchie FAL300 FLS illuminations on light green cotton 
surface with seminal stains and the mABCA outputs 
238 
   
Figure 4.115 LED and Sirchie FAL300 FLS illuminations on light green cotton 
surface with seminal stains when viewed without any filter 
239 
   
Figure 4.116 LED and Sirchie FAL300 FLS illuminations on DFO treated latent 
fingerprints 
239 
   
Figure 4.117 LED (first row) and Sirchie FAL300 FLS (second row) illuminations 
on ninhydrin treated latent fingerprints on brown envelope 
240 
   
Figure 4.118 mABCA outputs for light absorbing evidences using different camera 242 
   
Figure 4.119 mABCA on image of smartphone camera in motion 243 
   
Figure 4.120 mABCA on fluorescence evidences captured using Redmi Note LTE 
smartphone 
243 
   
Figure 4.121 mABCA on fluorescing evidences, such as seminal stains (first to third 
rows) and DFO treated latent fingerprint (fourth to seventh rows) using 
different camera 
244 
   
Figure 4.122 GUI of the developed forensic multispectral imaging system 245 
   
Figure 4.123 mABCA imaging dialog box 246 
   
Figure 4.124 mABCA GUI in Microsoft Surface Pro 3 246 
   
xix 
 
Figure 4.125 mABCA imaging system, with Surface Pro 3 and light source in the 
red box 
247 
 
 
xx 
 
LIST OF ABBREVIATIONS 
AOTF Acousto-optic Tunable Filter 
  
AP Acid Phosphatase 
  
BCA Background Correction Algorithm 
  
CCD Charged-Couple Device 
  
CIE International Commission on Illumination 
  
DFO 1,8-Diazafluoren-9-One 
  
DFT Discrete Fourier Transform 
  
DNA Deoxyribonucleic Acid 
  
DSLR Digital Single-Lens Reflex 
  
EDSDK EOS Digital Software Development Kit 
  
EF-S Electrofocus-Short back focus 
  
EMD Earth Mover’s Distance 
  
EOS Electro-Optical System 
  
Eu(tta)3(phen) tris(thenoyltrifluoroacetonato)(1,10-phenanthroline)europium 
  
FLS Forensic Light Sources  
  
GLCM Grey Level Co-occurrence Matrix 
  
Hb Haemoglobin 
  
HDPE High-Density Polyethylene 
  
HDR High Dynamic Range 
  
HDTV High-Definition Television 
  
HE Histogram Equalisation 
  
HID Human Interface Devices 
  
HS Histogram Stretching 
 
 
xxi 
 
HSI Hue, Saturation, Intensity 
  
HSV Hue, Saturation, Value 
  
HUSM Hospital Universiti Sains Malaysia 
  
FWHM Full-Width at Half Maximum 
  
IFRG International Fingerprints Research Group 
  
IR Infrared 
  
ISO International Standards Organisation 
  
ITU-R International Telecommunication Union – Radiocommunication 
Sector 
  
LCTF Liquid Crystal Tunable Filter 
  
LED Light Emitting Diode 
  
LHS Luminance, Hue, Saturation 
  
LMG Leucomalachite Green 
  
LTE Long Term Evolution 
  
mABCA mean-based Adaptive Background Correction Algorithm 
  
mABCA-DFO1 2-wavelength mABCA for DFO treated latent fingerprints using 580 
nm with 550 nm filters images (under 505 nm light) 
  
mABCA-DFO2 2-wavelength mABCA for DFO treated latent fingerprints using 580 
nm with 630 nm filters images (under 505 nm light) 
  
mABCA-DFO3 3-wavelength mABCA for DFO treated latent fingerprints using 580 
nm with 550 and 630 nm filters images (under 505 nm light) 
  
mABCA-DFO4 2-wavelength mABCA for DFO treated latent fingerprints using 
orange filter with no filter images (under 505 nm light) 
  
mABCA-DFO5 2-wavelength mABCA for DFO treated latent fingerprints using red 
filter with no filter images (under 505 nm light) 
  
mABCA-DFO6 2-wavelength mABCA for DFO treated latent fingerprints using 600 
nm with 570 nm filters images (under 530 nm light) 
  
xxii 
 
mABCA-DFO7 2-wavelength mABCA for DFO treated latent fingerprints using 600 
nm with 660 nm filters images (under 530 nm light) 
  
mABCA-DFO8 3-wavelength mABCA for DFO treated latent fingerprints using 600 
nm with 570 and 660 nm filters images (under 530 nm light) 
  
mABCA-DFO9 2-wavelength mABCA for DFO treated latent fingerprints using red 
filter with no filter images (under 530 nm light) 
  
mABCA-
ninhydrin1 
2-wavelength mABCA for ninhydrin treated latent fingerprints using 
415 nm with 458 nm filters images (under white light) 
  
mABCA-
ninhydrin2 
2-wavelength mABCA for ninhydrin treated latent fingerprints using 
500 nm with 470 nm filters images (under white light) 
  
mABCA-
ninhydrin3 
2-wavelength mABCA for ninhydrin treated latent fingerprints using 
580 nm with 630 nm filters images (under white light) 
  
mABCA-
ninhydrin4 
2-wavelength mABCA for ninhydrin treated latent fingerprints using 
orange filter with no filter images (under 458 nm light) 
  
mABCA-
ninhydrin5 
2-wavelength mABCA for ninhydrin treated latent fingerprints using 
red filter with no filter images (under 458 nm light) 
  
mABCA-
ninhydrin6 
2-wavelength mABCA for ninhydrin treated latent fingerprints using 
orange with red filters images (under 458 nm light) 
  
mCA mean-based Contrast Adjustment 
  
MSE Mean Square Error 
  
NCD Normalised Colour Differences 
  
NTSC National Television System Committee  
  
PAL Phase Alternating Line 
  
PCA Principal Component Analysis 
  
PEVA Polyethylene Vinyl Acetate 
  
PSA Prostate Specific Antigen 
  
PSNR Peak Signal to Noise Ratio 
  
PTFE Polytetrafluoroethylene 
  
PVC Polyvinyl Chloride 
xxiii 
 
RGB Red, Green and Blue 
  
ROI Region Of Interest 
  
SIVV Spectral Image Validation and Verification 
  
SSIM Structural Similarity Index Measure 
  
TIFF Tagged Image File Format 
  
USB Universal Serial Bus 
  
USM Ultrasonic Motor 
  
UV Ultraviolet 
 
 
 
  
 
  
